Clinical findings have demonstrated that curved and torturous configuration of aorta is one of the prime factor resulting in instability of stent-graft devices used for treatment of thoracic aortic aneurysms (TAA). Other factors influencing stability of device are in-vivo biomechanical aortic environment and device design features. Currently, there is dearth of computational solid mechanics (CSM) studies, quantifying stability of different stent-graft designs in various aortic curvatures. The prime aim of study is to investigate mechanics of stent-graft positional stability for varying aortic curvatures under uniform blood pressure loading. The main building blocks of proposed frame work are: (a) three dimensional modeling of stent-devices, (b) proximal-distal regions of aorta forming device landing zones, (c) realistic multi-material constitutive law for aorta, stent and graft and (d) Coulomb's frictional model to describe stability between aorta and graft. By applying above framework to commercially available stent-grafts, it was observed that aforementioned design features had significant effect on device stability and net radial force generation when deployed in different aortic configurations. Henceforth, proposed study can quantify, device-specific and curvature-specific performance for long term stability. Thus, potentially minimizing postoperative complication such as device migration and collapsing of device leading to endoleaks
INTRODUCTION
Thoracic endovascular aneurysm repair (TEVAR) is minimally invasive procedure of treatment of Thoracic aortic aneurysm (TAA). TEVAR has significantly lower morbidity and mortality rate [Dakes et al 2001] on the short term. However, complications such as device migration, multi-modular device slippage, aneurysm growth and perforation of aorta affects its long-term performance [Bavaria et al, 2007] . Prime causes of these complications are complex in-vivo biomechanical environment and effect of structural design of stent-graft system. The biomechanical aortic environment includes factors such as length of proximal landing zone (Zarins et al., 2003) , aortic curvature (Greenberg et al., 2000; Prasad et al., 2012) , frictional interaction between aortic wall and stent-graft, and varying displacement-forces in curved and torturous aorta (Prasad et al. 2012 , Figueroa et al., 2009 ), among others. Structural design of stent-graft includes radial force generated by stent, presence and type of columnar support along device, oversizing of device, stent design for flexibility, among others. Currently, there is a lack of quantitative assessment of 
METHOD

Geometrical Model
Aorta: The geometrical dimension, proximal and distal landing zone, and curvature of thoracic aorta play an important role on stability of stent graft system. In this study as a baseline model we have incorporated straight and curved aorta models with uniform aortic neck diameter of 22mm and 11mm proximal and distal landing zone length as shown in Figure 1 . The left panel of figure shows an idealized straight geometry of aorta (baseline model) whereas right panel shows "high curvature" with neck angle α= 55˚ and "moderate curvature" with neck angle α= 30˚ respectively. Symmetrical and idealized geometry of aorta is considered to facilitate stent graft deployment and easy interpretation of data. The aortic wall is discretized using triangular shell elements (S3) elements. Uniform arterial wall thickness of 1.5 mm is considered. Table 1 . For example, for Relay and Talent devices columnar supporting rod were included, but was absent in Valiant design. In addition, stent ring patterns were based on respective Instruction of use of the devices, but keeping the same stent cross-section diameter (d), total length (L), and device diameter (D) across the devices. Geometry of stent rings are constructed using procedure described elsewhere [Prasad et al, 2011] and shown schematically in Figure 2 (right). For computational analysis, stent are meshed using eight-noded brick elements with reduced integration (C3D8R). Three models of graft, each following the aortic curvature and mean diameter of 22mm is discretized with shell elements (S3) of 0.05mm thickness. 
Material Model
Aorta: In proposed analysis, aorta is modelled as a hyper-elastic, isotropic and incompressible material. As sole objective of study is to analyze the stiffness response of aorta at proximal and distal landing zone, we have incorporated a healthy aorta instead of considering an extremely calcified unhealthy aorta. The material properties of calcified aorta from the aneurysmal site are extremely complex. This simplification of adopting healthy aorta is justified by the fact that proximal and distal landing zone of stent is mainly healthy thrombus free zone of aorta. The properties of aorta are taken from a uniaxial stress-strain experimental data [Raghavan el al, 1997 . Prestressing of the aorta is performed to mean arterial pressure of 108 mm HG prior to stent-graft deployment based on method described elsewhere [Prasad et 
where, and are deviatoric strain invariants, is elastic volume ratio relating total volume ratio, J and thermal volume ratio, as ; For a thermally independent material is equal to J. Since no volumetric test data is used to characterize aorta it is taken as incompressible (J=1). In this analysis we have incorporated Ogden model with N=1. The material parameters are derived using the fitting procedure incorporated in ABAQUS and is shown in Figure 3 . where,
where, ξ is the fraction of martensitic phase, a is material constant which can be calibrated from uniaxial tensile test, F is transformation potential, σ is Von Mises stress, p is pressure stress, T the temperature, β and C are material constant.
Stent-Graft Deployment
In a clinical setting, the whole assembly of stent and grafts are crimped and mounted in a catheter. The whole delivery system is then guided to the ill effected site with the help of fluoroscopy. After reaching the site of deployment the delivery system is pulled back and the whole stent graft assembly expands forming an artificial conduit for blood to flow. The deployed device remains fixed at its site of deployment with the aid of radial forces. The radial force, results due to the oversizing of the stent with respect to the artery. In clinical designs extra clamping support such as hook or barbs are provided, which penetrates in the intima of the artery, however present study aims at radial force generation and deployed configuration of stent-graft. Henceforth, barbs and hooks are not incorporated in our design.
In the study, a simpler approach is adopted for crimping, expanding, and loading the stent graft system and is shown schematically in Figure 5 . The graft sheath is assumed to have negligible contribution during crimping, bending, and expansion stage. Hence in stressfree state graft has same diameter as aortic neck and follows curvature of aorta. The stent ring in stress free state is straight and oversized by 9% to a diameter of 24mm.
Computationally graft deployment is achieved by activating contact between internal walls of aorta loaded with blood pressure (Figure 5a ). Hard-pressure overclosure with coefficient of friction (µ) of 0.3 is incorporated to define contact between aorta and graft. Next, stent ring is deployed by crimped to a diameter of 8mm (Figure 5c ), bending as per
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aortic curvature, and then subsequently expanding (via its own stored strain energy) to make contact with the graft deployed inside the aorta (Figure 5d ). Stent manipulation is performed using rigid surface subroutine RSURFU in Abaqus/Standard. Tied like constrain between stent and graft is maintained on contact. Finally, the inner surface of device is loaded with uniform blood pressure of 100 mm Hg.
Computational Solid Mechanics Analysis
For simulation of stent-graft deployment and subsequent analysis Abaqus Dynamic Implicit scheme was used. Backward Euler operator is incorporated by Abaqus for quasistatic dynamic implicit schemes. The scheme ensures good convergence for complex contact analysis. In this schemes inertia effects are introduced to regularize the unstable behavior. To get results for quasi-static simulation, the contribution of kinetic energy to total energy is kept to a minimum and is equal to 8%, 9.5% and 10.5% for straight, moderately curved, and highly curved design respectively.
At this time a total of 8 simulations were run, three for straight graft considering each graft separately, two for moderately curved aorta for Valiant and Relay design, two for highly curved graft for Valiant and Relay design and one to show impact of roughness of aortic wall on devise stability. Table 2 describes the type and number of elements incorporated for aorta, graft and stent rings. Enhanced hour glassing control was included for reduced integration element.
Post simulation, the contact condition at aorta graft was analyzed using an instability index (П) defined via eq. 7. Post-processing and other calculation was performed using open source software ParaView.
where, 0 1 ( * )
RESULTS AND DISCUSSION
Radial Force of Stent-Graft
Radial force is a key parameter contributing to stent-graft fixation and stability. Due to biased stiffness of Nitinol [Stoeckel 2004 ], radial resistive force (RRF) and chronic outward force (COF) are investigated for all three designs. The three designs were firstly, allowed to crimp to 70% diameter (OD=24 mm to 7 mm) to simulate crimping in a catheter delivery system, and then expanded back to 21mm to simulate deployment with forces corresponding to oversizing of 12%. During crimping process maximum amount of strain is induced into stent; care should be taken that induced strain does not exceed maximum permissible strains ( ) to prevent plastic deformation (Figure 4) .
The results obtained from crimping and expansion is shown in Figure 6 (left panel). All three designs execute biased stiffness behavior of Nitinol by having a higher RRF and lower COF for similar diameter of stent. For maximum crimping, RRF generated by Talent design is found to be maximum, with value 17.6 % greater than Valiant design and about 21.4 % greater than Relay design. Post expansion, similar COF is generated by all the three designs. Figure 6 (right panel) shows the maximum strain produced by each of three designs. In all three designs maximum strain is located near the internal side of struts of stent ring. Not surprisingly, Talent experiences maximum crimping strain of 5.1%. 
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Instability Calculation
For instability index calculation a constant fixation length of 11 mm is considered at the proximal and distal zone. Coefficient of friction of 0.3 is assumed between wall and device. Inner surface of graft and device are acted upon by 100 mm Hg hydrostatic pressure. The left panel of Figure 7 shows complex contact between aorta and device. Two plots shown signifies contour plot of normal contact pressure ( and equivalent shear stress ( at the proximal landing zone of graft. From these values the instability index II is calculated (eq. 7) and plotted in the right panel of Figure 7 for the three designs at the proximal and distal location. The average instability index for Valiant, Bolton, and Talent design is 0.32, 0.32; and 0.42 respectively. There is no significant difference between Valiant and Bolton instability index, but the stiff Talent design shows maximum instability.
To study the effect of curvature on stent stability we have focused on Valiant and Bolton device. The results are plotted in Figure 8 . For both Valiant and Bolton design curvature increases the average instability index. However effect of curvature is greater on Valiant design (increase by a factor of 2.2) as compared with Bolton (increased by a factor of 2). It is important to point out that these numbers only reflect structural influence on instability. These effects can be more prominent if hydrostatic loading is replaced by realistic blood pressure loading. 
Conclusion:
In this study, radial force and instability index is identified as two most important design features for stent durability analysis. The key outcome of this study can be concluded as:
-Talent design generates maximum amount RRF in comparison to Bolton and Valiant design for similar level of crimping whereas all three design generates similar amount of COF (in range of 3.5N to 4N). Hence, when subjected to arterial pressure Talent design, among three designs, offer maximum resistance to crimping, therefore avoiding arterial occlusion.
-Curved connecting rod of Bolton has no significant contribution to straight aortic model instability compared to Valiant design (Π=0.32), whereas Talent device owing to non-uniform stress distribution leads to maximum instability (Π=0.41).
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Overall, the instability index of flexible stent design (Bolton and Valiant) are lower than stiffer Talent design.
-Instability index of device increases with increase in aortic curvature. However, due to columnar support of curved connecting rod, percentage increase of value of instability index with curvature is lower for Bolton design then that for Valiant.
The key limitation of the study is absence of realistic hemodynamic loading. Efforts are on way to include curvature based blood pressure loading in future work.
